ATP is thought to be released to the extracellular compartment by neurons and astrocytes during neural activation. We examined whether ATP exerts its effect of promoting pial arteriolar dilation (PAD) directly or upon conversion (via ecto-nucleotidase action) to AMP and adenosine. Blockade of extracellular direct ATP to AMP conversion, with ARL-67156, significantly reduced sciatic nerve stimulation-evoked PADs by 68%. We then monitored PADs during suffusions of ATP, ADP, AMP, and adenosine in the presence and absence of the following: 1) the ecto-5=-nucleotidase inhibitor ␣,␤-methylene adenosine 5=-diphosphate (AOPCP), 2) the A2 receptor blocker ZM 241385, 3) the ADP P2Y1 receptor antagonist MRS 2179, and 4) ARL-67156. Vasodilations induced by 1 and 10 M, but not 100 M, ATP were markedly attenuated by ZM 241385, AOPCP, and ARL-67156. Substantial loss of reactivity to 100 M ATP required coapplications of ZM 241385 and MRS 2179. Dilations induced by ADP were blocked by MRS 2179 but were not affected by either ZM 241385 or AOPCP. AMP-elicited dilation was partially inhibited by AOPCP and completely abolished by ZM 241385. Collectively, these and previous results indicate that extracellular ATP-derived adenosine and AMP, via A2 receptors, play key roles in neural activation-evoked PAD. However, at high extracellular ATP levels, some conversion to ADP may occur and contribute to PAD through P2Y1 activation. adenosine; astrocytes; neurovascular coupling; neurovascular unit; pial vessels ALTHOUGH ATP IS PRIMARILY considered to be a source of metabolic energy, accumulating evidence indicates that this intracellular molecule, once released from neurons and astrocytes, plays an important role in cell-to-cell communication. In the brain, ATP participates in a wide variety of nonenergetic physiological signaling processes, such as neurovascular coupling (35, 50), synaptic transmission (37), synaptic plasticity (46), and neuromodulation (36). Increased synaptic activity is often accompanied by both elevated ATP levels in extracellular fluid (ECF) and a rise in Ca 2ϩ in neighboring astrocytes (45). The increased ATP may initially arise from, for example, a presynaptic Ca 2ϩ -dependent vesicular release process. That ATP, in turn, can interact with metabotropic purinergic P2Y receptors on nearby astrocytes leading to increased intracellular IP 3 and release of Ca 2ϩ from intracellular stores. The elevated Ca 2ϩ can promote cellular efflux of ATP via a number of mechanisms, including vesicular (2) and/or hemichannellinked processes (11, 13, 22, 24 ). That signaling cascade may then be further propagated over multiple astrocytes through ATP interactions with P2Y receptors. Communication among astrocytes may also involve other routes, including gap junctions (14).
ALTHOUGH ATP IS PRIMARILY considered to be a source of metabolic energy, accumulating evidence indicates that this intracellular molecule, once released from neurons and astrocytes, plays an important role in cell-to-cell communication. In the brain, ATP participates in a wide variety of nonenergetic physiological signaling processes, such as neurovascular coupling (35, 50) , synaptic transmission (37) , synaptic plasticity (46) , and neuromodulation (36) . Increased synaptic activity is often accompanied by both elevated ATP levels in extracellular fluid (ECF) and a rise in Ca 2ϩ in neighboring astrocytes (45) . The increased ATP may initially arise from, for example, a presynaptic Ca 2ϩ -dependent vesicular release process. That ATP, in turn, can interact with metabotropic purinergic P2Y receptors on nearby astrocytes leading to increased intracellular IP 3 and release of Ca 2ϩ from intracellular stores. The elevated Ca 2ϩ can promote cellular efflux of ATP via a number of mechanisms, including vesicular (2) and/or hemichannellinked processes (11, 13, 22, 24) . That signaling cascade may then be further propagated over multiple astrocytes through ATP interactions with P2Y receptors. Communication among astrocytes may also involve other routes, including gap junctions (14) .
In addition to its intercellular signaling and neuromodulatory functions, cerebral extracellular ATP can be rapidly hydrolyzed to adenosine through the coupled actions of a number of ecto-nucleotidases located on the surfaces of multiple cells, including astrocytes, neurons, vascular cells, and microglia (54) . The relative influence of the different ecto-nucleotidases may vary according to their cellular distribution and the concentration of ATP achieved in the extracellular milieu (54) . Ecto-nucleotidases exhibit a variety of forms and functions. Some show distinct apyrase (diphosphohydrolase) roles, whereby ATP is rapidly converted into AMP. Representing this function are ecto-nucleotide pyrophosphatase/phosphodiesterase (e-NPP; particularly e-NPP-1) and ecto-nucleoside triphosphate diphosphohydrolase-1 (e-NTPDase-1). Other ecto-nucleotidases display mainly monohydrolase actions, as exemplified by e-NTPDase-2 [principally ecto-ATPase functions; i.e., ATP to ADP conversion (25) ] and ecto-5=-nucleotidase, which mediates AMP to adenosine conversion. The ecto-nucleotidases listed above also display different cellular distributions, with e-NTPDase-2 and ecto-5=-nucleotidase well expressed on astrocytes (48, 53, 54) . Furthermore, ecto-5=-nucleotidase is particularly enriched in the leptomeninges (33) . On the other hand, e-NPP-1 and e-NTPDase-1 tend to favor vascular elements over glial and neuronal elements (54) , whereas vascular expression of ecto-5=-nucleotidase may be limited (18) .
Previous findings from our laboratory (49) and others (26, 47) have revealed that somatosensory activation [i.e., sciatic nerve stimulation (SNS)] is associated with a substantial dilation of pial arterioles overlying the hindlimb region of the somatosensory cerebral cortex. That pial arteriolar response occurs despite few, if any, direct contacts with intrinsic neurons. Additional findings indicated that this SNS-evoked vasodilation relied on astrocytic communication involving the glia limitans (49) and was adenosine dependent (27, 35) . Further support for the latter can be found in a preliminary report, which provided evidence hinting that ATP hydrolysis products, especially adenosine, play a key role in neurovascular coupling (50) . However, others have reported that nonhydrolyzed ATP is capable of eliciting an endothelium-dependent, P2Y receptor-related vasodilation, albeit in isolated cerebral penetrating arterioles (4, 10) . Moreover, ADP, which may be formed in association with e-NTPDase-2 actions on ATP, also displays a strong vasodilating influence on cerebral vessels. Thus topical application of ADP promotes pial arteriolar dilation via interactions with P2Y 1 receptors that appear to reside both on the glia limitans and pial arteriolar endothelium (52) .
In the present study, we first examined whether the adenosine-dependence of SNS-evoked pial arteriolar dilation (26, 35) derives from ATP ecto-hydrolysis. That hydrolytic function was tested using a selective ecto-diphosphohydrolase (i.e., e-NTPDase-1 and e-NPP-1) blocker, ARL-67156. This approach revealed a significant attenuation in the SNS-induced response. Based on this finding, together with evidence supporting key roles for adenosine (26, 35) and the glia limitans (49) [but not ADP (50) ] in SNS-evoked pial arteriolar dilations, the following scenario was suggested. Neuronal activation may trigger an interastrocytic signaling process, ultimately resulting in ATP release from the glia limitans into the extracellular compartment (39) , and, subsequently, AMP is quickly formed. Then, due to ecto-5=-nucleotidase abundance at the brain surface (33), a rapid generation of adenosine can be anticipated. Therefore, to obtain further evidence in support of the hypothesis that vasodilations arising from ATP hydrolysis products, rather than ATP itself, mediate pial arteriolar dilations during SNS, we used topically applied ATP to mimic the postulated ATP released from the glia limitans. To that end, exogenous ATP and its hydrolytic products (i.e., ADP, AMP, and adenosine) were applied topically, over wide concentration ranges, in the presence and absence of pharmacological blockers of P2Y 1 receptors, ecto-diphosphohydrolase activity, adenosine receptors, and ecto-5=-nucleotidase activity.
MATERIALS AND METHODS

Animals.
The study protocol was approved by the Institutional Animal Care and Use Committee. Female Sprague-Dawley rats (250 -300 g) were used. After anesthesia induction with isoflurane, rats were intubated and mechanically ventilated. Surgery was performed under continuous anesthesia with 2.0% isoflurane-70% N 2O-30% O2. Bilateral femoral arterial and venous catheters were placed for systemic arterial pressure monitoring, arterial blood gas/pH measurement, and drug infusions. Rats were then prepared for placement of a closed cranial window, according to established procedures (52) . In brief, a craniotomy (10 mm in diameter) was performed over the midline of the skull, and the underlying dura was carefully removed, keeping the sagittal sinus intact. A cranial window (11 mm diameter) equipped with three ports (inflow, outflow, and intracranial pressure monitoring) was fixed to the skull with cyanoacrylate gel. Isoflurane was discontinued, and a 10 g/kg fentanyl bolus was given intravenously. The rat was maintained on 70% N 2O-30% O2 and fentanyl (25 g·kg Ϫ1 ·h Ϫ1 iv) thereafter. This is an established, validated procedure that ensures adequate analgesia (5, 7, 30) . D-tubocurarine was injected to produce muscle paralysis. The space under the window was filled with artificial cerebrospinal fluid (aCSF) that was equilibrated with 10% O 2-5% CO2-85% N2. The aCSF solution was suffused at 0.5 ml/min and maintained at a temperature of 37°C. Body temperature was maintained at 37°C with a servocontrol heating pad, and mean arterial blood pressure and intracranial pressure were monitored continuously during the experiments. Arterial blood samples were taken at 60-min intervals for Pa O 2 , PaCO 2 , and pH analysis using a blood gas/pH analyzer (Gem3000; Instrumentation Laboratories, Lexington, MA). Pa O 2 , PaCO 2 , and pH were maintained within physiological ranges throughout the study. Pial arterioles were observed using a Nikon microscope equipped with an epi-illumination darkfield system. Images were captured using a digital video camera (Cool-SNAP ES; Photometrics, Tucson, AZ), projected on a computer monitor, and stored on a personal computer for later diameter measurements using the MetaMorph software system (Molecular Devices, Downingtown, PA). Vascular reactivity was assessed by measuring the diameters of pial arterioles, with baseline diameters ranging from 30 to 50 m. Diameter values from three arteriolar segments were obtained and averaged. In all experiments, initial diameter measurements were made at least 1 h post-isoflurane and after 40 min of drug-free aCSF suffusion. Hypercapnia (PCO 2 Ϸ 70 mmHg) was imposed, over a 3-min period, to test pial arteriolar reactivity. Only those vessels displaying an adequate response to CO 2 (reactivity Ͼ1.0% diameter increase/mmHg Pa CO 2 change) were selected for this study. However, only a handful of the rats studied (Ͻ2%) failed to achieve this standard.
Group protocols. The rats were organized into five experimental groups. In the first group, the rats were subjected to somatosensory activation-evoked pial arteriolar dilations. Two subgroups were studied. In both subgroups, drug-free aCSF was suffused under the cranial window for 45 min. This was followed by a 20-s stimulation of the sciatic nerve and measurement of the peak diameter increases in pial arterioles overlying the hindlimb region of the contralateral somatosensory cortex (35, 49) . Starting at 20 s before SNS and continuing for 60 s post-SNS, pial arterioles were monitored and the recordings saved for subsequent analysis of time-related diameter changes. In the first subgroup, at a time point when pial arteriolar diameters had returned to their baseline values, following the initial SNS, we initiated a suffusion of the ecto-pyrophosphatase/diphosphohydrolase inhibitor ARL-67156. Thirty minutes later, a second SNS was imposed. The concentration of ARL-67156 used in these experiments was established in pilot experiments, with guidance from published findings. According to the literature, at 50 -100 M, this agent preferentially blocks the conversion of ATP to AMP, via inhibiting e-NTPDase-1 and e-NPP-1 (K i ϭ 27 M) but is without effect on the ATP to ADP converting enzyme e-NTPDase-2 (Ki ϭ 1 mM) (8, 12, 21, 29) . In preliminary experiments, we tested SNS-evoked pial arteriolar responses in the presence of 0, 10, 50, and 100 M ARL-67156. Only the 50 and 100 M doses were associated with an attenuated SNS response (30% and 70% reductions, respectively). Thus, for all subsequent experiments, we used 100 M ARL-67156. This rather cautious approach was used, since higher ARL-67156 doses might have affected e-NTPDase-2. As such, we concede the possibility that diphosphohydrolase contributions may have been underestimated. For analysis of the saved recordings, the pre-and post-ARL-67156 vascular responses to SNS were each averaged, and the peak responses were used as a measure of ARL-67156 effects. To ensure that ARL-67156 applications were not affecting the level of increased neural activity during SNS, we also monitored cortical somatosensory evoked potentials (SEPs), according to methods described in a recent publication (35) . One additional subgroup was included to serve as a time control and to control for the possibility that brief exposure to hypercapnia may be associated with a prolonged enhancement of the hyperemic/vasodilating response to subsequent episodes of somatosensory activation (42) . Thus ϳ30 min after an initial measurement of the pial arteriolar response to SNS, the rats were tested for CO2 reactivity (see above). After the hypercapnic challenge, pial arteriolar reactivity to SNS was retested at 30-min intervals out to 2 h.
Groups 2-5 were organized according to the nucleotide or nucleoside suffused: 2) ATP, 3) ADP, 4) AMP, and 5) adenosine. The ATP, ADP, and AMP were applied at concentrations of 1, 10, and 100 M, while adenosine was suffused at 10 and 100 M. Dose-related pial arteriolar responses to ATP, ADP, AMP, and adenosine were further evaluated in the presence of topical applications of a number of selective pharmacological agents. These included the ecto-5=-nucleotidase inhibitor ␣,␤-methylene adenosine 5=-diphosphate (AOPCP; 300 M) (except ADP); the A2 receptor blocker ZM 241385 (10 M); and the P2Y1 antagonist MRS 2179 (10 M). In addition, ATP responses were examined in the absence and presence of ARL-67156 (100 M). In published reports, a wide range of AOPCP doses (ranging from low micromolar up to 1 mM) have been used to block 5=-nucleotidase function in brain tissue preparations (for examples, see Refs. 3, 16, 20, 23, 38, and 41). However, the overwhelming majority of studies favor doses in the 50 -400 M range. In prelim-inary and published studies, we tested AOPCP doses of 100 and 300 M in our SNS-evoked pial arteriolar dilation model and found nearly identical ϳ60% reductions in pial arteriolar reactivity (35) . The similarity in the AOPCP effect at the two different doses suggested that, in our model, 300 M was close to the maximally effective dose. For ZM 241385, the dose used in the present study was also taken from the results of preliminary and published experiments (35) , based upon the approximate minimum dose needed to produce a maximal reduction in the pial arteriolar responses to adenosine (10 and 100 M). However, it should be noted that to achieve a virtually complete blockade of adenosine-induced vasodilation, a 10 M dose of ZM 241385 was used. That dose likely exceeds its selectivity toward the A2A over the A2B adenosine receptor subtype, but remains selective toward adenylyl cyclase (AC)-activating A 2 receptors in relation to AC-inhibitory A 1 and A3 adenosine receptors (17, 19, 34) . It is well-established that both the A 2A and A2B subtypes promote vasodilation via activation of vascular smooth muscle AC (15) . Thus an A2 blocker with actions toward both A2 subtypes, like ZM 241385, became the best choice for achieving complete blockade of adenosineinduced dilations. For MRS 2179, we used a dose that has been shown to block completely ADP-induced pial arteriolar dilations (52) .
After the initial measurement of CO 2 reactivity, ATP, ADP, AMP, or adenosine was suffused into the space under the cranial window (5 min for each concentration). After 10 min of drug-free aCSF suffusion, the baseline diameter generally recovered. Next, an inhibitor was suffused for 30 min, and the nucleotide/nucleoside was then coapplied at sequentially increasing concentrations. Additionally, following measurement of the effects of MRS 2179 on ATP reactivity, the effects of coapplications of MRS 2179 and ZM 241385 (both at 10 M) on ATP responses were examined. In the ADP suffusion experiments, a combined blockade of A 2 and P2Y1 receptors (i.e., ZM 241385 ϩ MRS 2179) was performed following A2 blockade alone.
In our examination of AMP-induced responses, we took into account published reports suggesting that both adenosine and AMP were capable of activating adenosinergic receptors (28, 40) . To that end, we addressed whether all, or only part, of the vasodilation elicited by suffusion of AMP was due to its conversion to adenosine via ecto-5=-nucleotidase. For this, two approaches were used. The first involved monitoring pial arteriolar responses to AMP in the presence of AOPCP or ZM 241385 (see above). The second involved examination of AMP reactivity in the presence of adenosine deaminase (ADA; 2 units/ml), by itself, and, subsequently, in the combined presence of ADA and AOPCP, to remove adenosine, leaving only AMP. This was followed by ADA and AOPCP, combined with ZM 241385. The latter was done to confirm the A 2-dependency of AMPinduced dilations. For each of the adenine nucleotides examined in the present study (ATP, ADP, and AMP), time control experiments were performed (n Ն 2) but indicated no temporal variations in the dose-response characteristics of these agents.
Reagents and statistics. All reagents, except for ZM 241385 (Tocris, Ellisville, MO), were obtained from Sigma (St. Louis, MO). All chemicals, except ZM 241385 and MRS 2179, were directly diluted with aCSF. ZM 241385 and MRS 2179 were first dissolved in DMSO and then diluted 1:1,000 in aCSF before suffusion. In previous studies, this concentration of DMSO was found to have no effect on pial arteriolar diameters (51) . All concentrations were expressed as the final molar concentration suffused under the cranial window. Values are presented as means Ϯ SD. Comparisons of arteriolar diameter values within groups were made using one-way repeated-measures ANOVA, combined with a post hoc Tukey analysis. For intergroup comparisons (e.g., ATP responses in the absence and presence of AOPCP vs. ATP responses in the absence and presence of ZM 241385), a one-way ANOVA was used, along with a post hoc Bonferroni test. A P value Ͻ0.05 was considered as significant.
RESULTS
Arterial PO 2 values were maintained above 100 mmHg in all rats studied; PCO 2 , pH, and mean arterial blood pressure remained within normal limits (i.e., 32-40 mmHg, 7.35-7.45, and 110 -140 mmHg, respectively) over the course of the experiments. Furthermore, no significant differences were observed when comparing hypercapnia-induced pial arteriolar diameter increases in all experimental groups (data not shown). fig. 1A ). The initial SNS-evoked increase in pial arteriolar diameter, in the presence of aCSF alone, averaged 42.9% over baseline. In the presence of the ectopyrophosphatase/diphosphohydrolase blocker ARL-67156 (100 M), that response was reduced by 68% (Fig. 1B) . The addition of ARL-67156 was found to have no effect on the amplitudes of the SEPs generated during SNS (Fig. 1, C-E) . Figure 1F demonstrates the reproducibility of the pial arteriolar response to repeated episodes of SNS. Furthermore, prior exposure to hypercapnia was not associated with any significant changes in the pial arteriolar responses to subsequent sciatic nerve stimulations, applied every 30 min over 2 h (Fig. 1F) .
Pial arteriolar dilation during SNS: effects of ARL-67156.
Effects of ecto-5=-nucleotidase, A 2 receptor, P2Y 1 receptor, and ecto-diphosphohydrolase blockade on ATP-induced pial arteriolar dilations. The suffusion of ATP (1, 10, and 100 M) was accompanied by a substantial dose-dependent pial arteriolar dilation (Fig. 2, A-C; Fig. 2E ). Topical application of either the ecto-5=-nucleotidase inhibitor AOPCP (300 M) or A 2 blocker ZM 241385 (10 M) resulted in a complete loss of pial arteriolar responses to 1 M ATP and 76% and 94% reductions, respectively, in the pial arteriolar dilations associated with 10 M ATP (Fig. 2, A and B) . At 100 M ATP, however, a more modest attenuation of the pial arteriolar response was observed, in the presence of AOPCP (34% decrease; Fig. 2A ) or ZM 241385 (66% decrease; Fig. 2B ). The AOPCP-related reduction in the response to 100 M ATP was significantly less than the reduction seen in the presence of ZM 241385. Suffusion of the P2Y 1 (ADP) antagonist MRS 2179 (10 M) was associated with a significant 30% decrease in pial arteriolar reactivity to 100 M ATP but did not affect pial arteriolar dilation induced by ATP at 1 and 10 M (Fig.  2C) . A complete loss of vasodilation to 1, 10, and 100 M ATP was achieved when combining P2Y 1 and A 2 receptor blockers (Fig. 2C) . These results would appear to indicate that adenosine, derived from ATP ecto-hydrolysis, mediates a large portion of the ATP-induced pial arteriolar relaxation. In particular, with low to moderate extracellular ATP levels (i.e., 1-10 M), adenosine appears to account for nearly all the ATP vasodilating effect. On the other hand, the incomplete inhibition of the pial arteriolar response to 100 M ATP, observed in the presence of either ecto-5=-nucleotidase or A 2 blockade (Fig. 2, A and B) , indicates that another vasodilator, beside adenosine, participates in the ATP response. Supported by the MRS 2179 effects, we suspect that this other vasodilator is ADP. Thus, when extracellular ATP levels are sufficiently elevated, perhaps exceeding the capacity for direct ATP ¡ AMP conversions, we postulate that ADP can accumulate. This may occur through the action of e-NTPDase-2, often labeled as a brain ecto-ATPase (1, 48), in combination with weak ecto-ADPase activity (see Fig. 2D ). In addition, a portion of the dilation to ATP could be directly attributed to AMP. This is discussed further below (see DISCUSSION) . The findings above indicate that most of the pial arteriolar dilating response to 1 and 10 M ATP is mediated by activation of adenosine A 2 receptors. This would seem to indicate the importance of rapid ATP ¡ AMP conversions when ATP is released into the extracellular compartment. Additional confirmation of the key role that ecto-diphosphohydrolase actions play in the dilations evoked by topically applied ATP was obtained in experiments performed in the absence and presence of ARL-67156. Thus pial arteriolar responses to 1 and 10 M ATP were attenuated by 87% and 70%, respectively, whereas the response to 100 M ATP was reduced by only 50% (Fig.  2E ). These findings are remarkably similar to results observed during A 2 receptor blockade (Fig. 2B) and further support the presence, at the cortical surface, of a substantial ecto-nucleotidase activity in the extracellular milieu of pial arterioles and the superficial glia limitans (35, 50) .
Effects of ecto-5=-nucleotidase inhibition and A 2 and/or P2Y 1 blockade on ADP-induced pial arteriolar dilation.
In accord with multiple published reports (e.g., Ref. 52 ), topically applied ADP elicited a dose-dependent pial arteriolar dilation. Virtually identical pial arteriolar responses to ADP suffusion were observed in the absence (4.9 Ϯ 2.2% at 1 M, 12.2 Ϯ 0.7% at 10 M, and 29.8 Ϯ 1.8% at 100 M) and the presence (6.2 Ϯ 1.8% at 1 M, 14.0 Ϯ 1.1% at 10 M, and 31.5 Ϯ 1.6% at 100 M) of AOPCP. ZM 241385 suffusion also failed to Representative SNS-generated somatosensoryevoked potentials (SEPs) recorded from the contralateral cortical surface before (C) and after (D) ARL-67156 application are also shown. E: note that no differences in the SEP peak-to-peak amplitudes were observed, irrespective of whether the P1N1 or the P2N2 amplitude was measured. F: SNS-evoked pial arteriolar diameter percent increases from baseline measured before a CO2 challenge (PCO2, ϳ70 mmHg for 3 min) and at 30-min intervals over the 2 h following CO2 exposure. This time control group displayed a remarkably consistent pial arteriolar response to SNS when comparing SNS-evoked pial arteriolar reactivities measured pre-and posthypercapnia. Results in E and F are means Ϯ SD; n ϭ 5.
block dilation induced by ADP (Fig. 2D) . However, the pial arteriolar response to ADP was completely eliminated when the P2Y 1 blocker MRS 2179 was added (Fig. 2D) . These findings confirm previous results from our laboratory indicating that ADP elicits pial arteriolar dilation almost exclusively through P2Y 1 activation, without any contributions from adenosine arising from sequential ecto-ADPase and ecto-5=-nucleotidase actions (52) .
Effects of ecto-5=-nucleotidase inhibition and A 2 blockade on AMP-induced pial arteriolar dilation. Suffusions of AMP, at 1, 10, and 100 M, led to dose-dependent pial arteriolar dilations (Fig. 3, A-C) . Although the presence of AOPCP was accompanied by significant reductions in AMP-induced responses at all concentrations tested (Fig. 3A) , measureable residual responses at higher concentrations of AMP were still observed (65% and 34% reductions at 10 and 100 M, respectively). On the other hand, the blockade of A 2 receptors by ZM 241385 was associated with the complete abolition of AMPinduced pial arteriolar dilations at all AMP concentrations tested (Fig. 3B) . To address whether the incomplete loss of AMP-induced vasodilation, associated with AOPCP administration, versus the complete repression seen in the presence of ZM 241385, was due to AMP behaving as an A 2 agonist, additional evaluations were conducted. To that end, AMP responses were measured in the presence of adenosine deaminase (ADA), then ADA plus AOPCP (300 M), to remove all adenosine. The ADA dose used was established in preliminary experiments, where it was found that pial arteriolar dilations elicited by topically applied adenosine (10 and 100 M) were largely prevented (ϳ90% reduction, data not shown) in the presence of 2 units/ml ADA. Next, the A 2 blocker ZM 241385 (10 M) was added to the ADA/AOPCP mixture, and AMP responses were once again tested. Pial arteriolar dilations to 10 and 100 M AMP, in the presence of ADA, were only partially attenuated (by 52% and 45%, respectively) in relation to the initial AMP response (Fig. 3C) . When AMP reactivity was tested following the addition of AOPCP to the suffusate containing ADA, no further reductions in AMP reactivity were observed (Fig. 3C) . A complete blockade of AMP-induced dilations was achieved only after the addition of ZM 241385 to the previous cocktail (Fig. 3C) . These findings strongly suggested the influence of a nonadenosine component in AMPinduced dilations and support the likelihood that AMP, in addition to adenosine, dilates pial arterioles via direct activation of A 2 receptors (see Refs. 28 and 40). Another AMPlinked pathway examined by us involved possible ecto-adenylate kinase-mediated generation of ADP. This could occur if AMP levels were elevated in the presence of sufficient ATP (44) . Moreover, if one combines AMP with AOPCP application, even greater AMP elevations may be seen, driving the ecto-adenylate kinase reaction toward further ADP formation. However, irrespective of whether AMP was suffused in the absence or presence of AOPCP, no reductions in AMP-induced pial arteriolar dilations were seen during coapplication of MRS 2179, indicating no increased presence of ADP (data not shown).
Effects of ecto-5=-nucleotidase inhibition and A 2 blockade on adenosine-induced pial arteriolar dilation. AOPCP lacked any influence on adenosine-elicited pial arteriolar dilation (Fig. 4A) . This data further support the selectivity of AOPCP. As expected, A 2 blockade by ZM 241385 led to the abolition of adenosine-induced pial arteriolar dilation (Fig. 4B) .
DISCUSSION
There were a number of key findings in the present study. First, the ecto-nucleotidase inhibitor ARL-67156, which selectively blocks extracellular ATP to AMP conversions, largely prevented sciatic nerve stimulation-evoked pial arteriolar dilations. This strongly implicated an important role for ATP release, and its extracellular hydrolysis, in the present model of neurovascular coupling. Second, topically applied ATP, which was used to mimic glia limitans ATP release at the brain surface, elicited pial arteriolar dilations that were entirely mediated by products of ATP hydrolysis, rather than ATP itself. Third, ADP contributions to ATP-triggered responses were limited, being evident only at very high ATP levels. Fourth, adenosine, chiefly through interactions with its A 2 receptors (32), represented a principal mediator of topical ATP-induced pial arteriolar dilation. Finally, the ATP hydrolysis product AMP also appeared to contribute to ATP-induced vasodilation through adenosine-dependent and -independent actions. The latter effect of AMP likely arose from a direct action toward A 2 receptors.
Although the present findings show a key role for AMP/ adenosine in ATP-triggered pial arteriolar dilations, it should be emphasized that one cannot generalize these findings to all circumstances involving increased vascular exposure to ATP. Evidence from isolated rat penetrating arterioles indicated that ATP itself can influence cerebral arteriolar tone, through hydrolysis-independent interactions with purinergic receptors residing on smooth muscle and/or endothelium (4, 10). There are any number of factors that could have contributed to the disparate findings when comparing present results with those of Dietrich and coworkers (4, 10) . This includes differences related to the arteriolar segment being examined as well as differences associated with the presence or absence of other cellular influences. In the case of the isolated vessel, adenine nucleotide hydrolyzing ecto-enzymes are likely to be less prevalent. This would be particularly true for ecto-nucleotidases that are selectively expressed in astrocytic elements and largely excluded from vascular tissue. One example is ecto-5=-nucleotidase (18, 54) . It also merits mention that, in vivo, increased arteriolar exposure to ATP can also occur from the luminal side (6) . However, luminal influences were not considered in the present study, since all purine applications were given topically (abluminally). This was done specifically to mimic astrocyte (glia limitans)-derived ATP release at the brain surface, which is thought to be an important component of the astrocyte-dependent dilation of pial arterioles associated with neurovascular coupling in the cerebral cortex (49) .
Data obtained in this investigation indicated that hydrolytic products of ATP entirely account for its vasodilating properties during topical applications, with AMP and adenosine predominating. Formation of ADP appeared to contribute very little to that response. Thus only at high micromolar levels of ATP did we observe any attenuation in the vasodilating response to ATP in the presence of the P2Y 1 antagonist MRS 2179. However, that effect was modest [ϳ30% reduction (Fig. 2C)] . Present (Fig. 2D) and previous (52) findings from our laboratory showed that the pial arteriolar vasodilating response to topically applied ADP is completely blocked by MRS 2179 and unaffected by A 2 blockade (Fig. 2D) . The former appears to be a function of the presence of P2Y 1 receptors on the glia limitans and pial arteriolar endothelium (52) , whereas the latter may reflect negligible ecto-ADPase activity at the cortical surface. At high micromolar levels of ECF ATP, as might be seen during neural hyperactivity states, like seizure (see ref. 50) or cortical spreading depression (43) , hydrolysis of ECF ATP may be influenced by the astrocyte-expressed, e-NTPDase-2 (9, 48, 53, 54) , which, given its ecto-ATPase function, may permit some accumulation of ECF ADP. It seems reasonable, therefore, to postulate that ecto-ATPase-derived ADP participation in neurovascular coupling may be limited to circumstances of high neural activity and excessive ATP release.
In subsequent experiments, in addition to further examination of the role of ATP to ADP conversions, we examined the contributions of adenosine, both as a function of ecto-5=-nucleotidase-mediated formation from AMP and as a function of adenosine engagement of its Gs-protein-linked A 2 receptors. Pial arteriolar dilations to 1 M ATP were completely blocked by both the ecto-5=nucleotidase blocker AOPCP and the A 2 receptor blocker ZM 241385. At 10 M ATP, the nearly complete reductions in vasodilating reactivity in the presence of AOPCP and ZM 241385 were not significantly different. These findings are generally consistent with a mechanism whereby moderate elevations in ECF ATP elicit pial arteriolar dilations via ATP conversion to adenosine. However, at the 100 M ATP concentration, in the presence of either blocker, only partial reductions in pial arteriolar dilations were observed (Fig. 2, A and B) , and the effect of ecto-5=-nucleotidase blockade was significantly less than the effect of A 2 receptor blockade. The ϳ33% residual dilation, in the presence of the A 2 blocker ZM 241385, might possibly be linked to ADP. One reason is that the 33% value is similar to the 30% reduction of the 100 M ATP-induced dilation observed in the presence of the P2Y 1 antagonist MRS-2179; more important, that remaining response was eliminated in the presence of a combined P2Y 1 /A 2 blockade (Fig. 2C) .
Other factors, besides ADP, must be considered when trying to account for the clear discrepancy between the effects of ecto-5=-nucleotidase versus A 2 blockade on the responses to ATP (Fig. 2, A and B ). There were a number of strategies used in attempting to resolve this conundrum. The first strategy was to examine whether the discrepancy observed, when comparing AOPCP versus ZM 241385 effects on ATP responses, still occurred when monitoring pial arteriolar responses to topical applications of AMP. In fact, the divergent effects of AOPCP and ZM 241385 were even more pronounced during AMP suffusions (Fig. 3, A and B) . Thus we observed that the vascular responses at all concentrations of AMP tested (includ- ing 100 M) were completely blocked by the selective A 2 antagonist. However, only a 50 -60% blockade was seen at the higher AMP concentrations, when AMP conversion to adenosine was prevented, using AOPCP. This suggests that AMPinduced pial arteriolar dilations entirely involve A 2 receptor activation and that adenosine is not the sole ligand interacting with the receptor. In fact, there is evidence in the literature supporting a direct AMP action toward A 2 receptors (28, 40) . This mechanism was addressed using another strategy, where AMP reactivity was examined in the presence of topical applications of ADA (2 units/ml). As indicated by evidence obtained in pilot studies and published reports, that strategy depletes adenosine, by converting adenosine to the nonvasoactive molecule, inosine (31) . Despite the depletion of adenosine, AMP-induced dilations were only attenuated by ϳ50% at 10 and 100 M AMP (Fig. 3C) . No added reductions in the AMP response were observed when AOPCP was combined with ADA, further supporting a vasodilating action of AMP that is independent of adenosine formation. The fact that the remaining AMP response could be completely blocked in the presence of ZM 241385 confirmed the A 2 dependence of AMP-induced pial arteriolar dilation and that both AMP and adenosine interactions with the A 2 receptor were involved. Also, the findings obtained with ADA essentially obviated the possibility that the discrepancy observed when comparing the effects of ecto-5=-nucleotidase versus A 2 inhibition relates to incomplete blockade of ecto-5=-nucleotidase by AOPCP. It is unlikely that other AMP-related pathways are involved, namely the adenylate kinase, AMP deaminase, and AMPactivated kinase pathways. One key reason is that there is no adequate scheme involving these pathways that would in any conceivable way lead to adenosine formation. Inasmuch as AMP-induced dilations were completely blocked by A 2 inhibition, the only way that the adenylate kinase, AMP deaminase, and AMP-activated kinase pathways could have been involved would have been if products of those reactions were capable of activating A 2 receptors. There is no evidence in the literature to support such an effect. One additional concern derives from the possibility that a large molecule, like ADA, may be more diffusion-limited than a smaller molecule, such as AMP, perhaps leading to a scenario where suffused ADA may not gain access to all AMP-responsive ecto-5=-nucleotidase sites. This could result in a less-than-anticipated adenosine depletion. However, ecto-5=-nucleotidase is highly enriched in rat cortical leptomeninges (33) . The superficial abundance of a major adenosine-generating enzyme, readily accessible to topically applied ADA, diminishes any concerns related to differential diffusivity.
In conclusion, evidence from previous studies supports a key role for adenosine in the pial arteriolar dilation that accompanies SNS (26, 35) . However, the specific source of that adenosine, whether arising from preformed intracellular pools or from extracellular ecto-nucleotidase pathways, has not been specifically determined. The findings in this study strongly suggest that ATP released to the extracellular milieu at the cortical surface, as is likely to occur during somatosensory activation, promotes pial arteriolar dilations that almost entirely involve ATP hydrolysis products. The extracellular origin of the vasoactive products of adenine nucleotide hydrolysis, generated in association with SNS, was established in experiments involving pharmacological blockade of ectodiphosphohydrolase function. Further evidence was then obtained in experiments using a strategy that mimicked ATP release at the cortical surface-i.e., topical applications of ATP. At low micromolar ATP concentrations, that vasodilation appears to involve rapid ATP conversion to AMP (largely via ecto-pyrophosphatase/diphosphohydrolase actions likely mediated by e-NTPDase-1 and e-NPP-1) and, ultimately, adenosine (through ecto-5=-nucleotidase), with both adenosine and, to a lesser extent, AMP promoting vasodilation via activation of adenosine A 2 receptors. At high micromolar extracellular ATP levels, some formation of ADP occurs and contributes to the ATP-triggered pial arteriolar response, albeit via actions involving P2Y 1 receptors.
